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cross section for lepton+jets channel

pairs in association with a photontt̄
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pairs in association with a photontt̄
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Physics motivation

● measurement of electromagnetic couplings

● forward-backward asymmetry

● control sample for                     ,  rare SM processtt̄+Higgs
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Top quark electric charge measurement

How well do we know the top quark electric charge?
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Until recently, models with an exotic top quark could well describe experimental data.
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���� electroweak precision tests, ���� Tevatron searches, ���� LHC searches

mQ4u
=172 GeV
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[Chang,Chang,Ma]

mt2/3≥356 GeV
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Top quark electric charge measurement

DZero, 370 pb-1:  „First determination of the top quark charge“ (2007)

⇒⇒⇒⇒ Fraction of exotic top quarks < 80%  at 90% C.L.

1) identify W-boson charge through lepton charge

2) pair b-jet with W-boson  (topfitter with mt,mW input)

3) measure b-jet charge (JetCharge Algorithm)

assign:

SM top quark charge  

XM top quark charge  ↔ Q(W )·Q(bjet) > 0

↔ Q(W )·Q(bjet) < 0

CDF 5.6 fb-1 (2011):    recent measurement

416 SM events  vs.  358 XM events

⇒ Exclusion of XM hypothesis with 95% C.L.

p.  3/19

result:
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How well can we measure       from             at hadron colliders?

Leading order analysis :   Baur,Buice,Juste,Orr,Rainwater (2005, 2007)

● At the LHC with 10 fb-1 an accuracy of 10% on       is feasible.

● Accuracy limited by theoretical scale uncertainty. „If scale uncertainty 

reduced to 10%, an improvement in precision by a factor of two seems possible“

Charge measurement is mainly a counting experiment.

Qt tt̄+ γ

NLO normalization is important!

We are interested in the correlation                         . 

Qt

Photon couples to 
all charged particles. 

ieQ

Top quark electric charge measurement

p.  4/19

σtt̄γ(|Q
2
top|)
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Next-to-leading order QCD calculation:   Duan,Ma,Zhang,Han,Guo,Wang (2009)

● small/large K-factor at the Tevatron/LHC 

● stable top quarks

How well can we measure       from             at hadron colliders?Qt tt̄+ γ

Charge measurement is mainly a counting experiment.

NLO normalization is important!

We are interested in the correlation                         . 

Photon couples to 
all charged particles. 

ieQ

Top quark electric charge measurement
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pairs in association with a photon

We want to realistically describe hadronic production of               at NLO QCD.tttt¯̄̄̄tttt ++++ γγγγ

is a  2 � 7 process. 

This is very complicated at NLO QCD.

What is important? What can be approximated?

● decays of top quarks:
realistic final state

● spin correlations:

acceptances

● photon radiation in decay:

large contribution

● NLO corrections in production & decay:

normalization, scale dependence,
leading soft/collinear emissions

pp→ tt̄+ γ → bb̄ ℓν jj + γ

● largely off-shell top quarks, W’s:
neglect non-resonant contributions

⇒ apply narrow width approximation
valid up to 

● neglect shower effects and 
higher order threshold corrections:

observables under consideration
should not be very sensitive

O(αs Γ/m)

tt̄

p.  5/19
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Calculation framework

Top quark decays

t

t̄
ū(pt) ¯̃u(pt) =M(t→ bℓ+ν) i(pt+mt)√

2mtΓt

● replace top quark on-shell spinors by
spinorial currents of the decay process:

● plug this top decay spinor into the production process:

|Mtree|
2 = |¯̃u(pt)M̃(ab→ t̄t) ṽ(pt̄)|

2 +O( Γt
mt
)

γ

● easy to extend to next-to-leading order QCD

p.  6/19

[Campbell,Ellis,Tramontano]
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● D-dimensional generalized unitarity + OPP reduction

Virtual corrections

Calculation framework

p.  7/19

[Ossola,Pittau,Papadopoulos]

[Ellis,Giele,Kunszt,Melnikov]
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● D-dimensional generalized unitarity + OPP reduction

● we obtain primitive amplitudes with photons through 
linear combinations of gluon primitive amplitudes:

γγγγ

32

1 4

A
[1/2]
f (1t̄, 2t, 5g , 3g , 4g)

basic
idea:

Virtual corrections

Calculation framework
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[Ossola,Pittau,Papadopoulos]

[Ellis,Giele,Kunszt,Melnikov]

● second independent calculation: OPP applied to Feynman diagrams
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Real corrections

● dipole subtraction with restrictions on resolved dipole phase space

Calculation framework

p.  8/19

● all contributions are independent of variations of 

[Catani,Dittmaier,Seymour,Trocsanyi]

[Nagi,Trocsanyi]

[Bevilacqua,Czakon,Papadopoulos,Pittau,Worek]

[Campbell,Ellis,Tramontano]

α

(α parameter)

● dipoles for top decay kinematics
we added      dependenceα

[Campbell,Ellis,Tramontano]
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coupling the photon at NLO

Calculation framework

Master formula: ddddσσσσ
NNNNWWWWAAAA
==== ddddσσσσtttt¯̄̄̄ttttγγγγ ddddBBBBtttt ddddBBBB ¯̄̄̄tttt ++++ ddddσσσσtttt¯̄̄̄tttt

((((
ddddBBBBttttγγγγ ddddBBBB ¯̄̄̄tttt ++++ ddddBBBBtttt ddddBBBB ¯̄̄̄ttttγγγγ

))))

p.  9/19
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coupling the photon at NLO

Calculation framework

Master formula:

expand in      : 

ddddσσσσδδδδNNNNLLLLOOOO
tttt ¯̄̄̄ttttγγγγ ddddBBBBLLLLOOOO

tttt ddddBBBBLLLLOOOO
¯̄̄̄tttt

αs

ddddσσσσ
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((((
ddddBBBBttttγγγγ ddddBBBB ¯̄̄̄tttt ++++ ddddBBBBtttt ddddBBBB ¯̄̄̄ttttγγγγ

))))
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ddddσσσσδδδδNNNNLLLLOOOO====

NLO
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coupling the photon at NLO

Calculation framework
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Results:  Tevatron
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Results:  Tevatron

p. 10/19

matches analysis by

pℓT > 20 GeV

pγT > 10 GeV

pjetT > 15 GeV

pmiss
T > 20 GeV HT > 200 GeV

∆R(j, j) > 0.4

|yℓ| < 1.1

|yγ| < 1.1

|yjet| < 2

∆R(ℓ/j, γ) > 0.4

The observable:

pp̄→ tt̄+ γ → bb̄ ℓν jj + γ

jets:  kT  jet algorithm
photon:  Frixione prescription
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Results:  Tevatron

● significant reduction of scale dependence

● moderate K-factor
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Results:  Tevatron

Lint=6.0 fb
−1

14 ± 1 events    vs.   CDF:  14 ± 3 events 
(LO: 16±5 events)

σσσσNNNNLLLLOOOO
tttt ¯̄̄̄ttttγγγγ ==== 2222....66664444 ffffbbbb ×efficiencies×4

σLOtt̄γ = 2.85
+1.14
−0.75 fb

σNLOtt̄γ = 2.64+0.21
−0.03 fb
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Results:  Tevatron
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γ in decay

Important:   A large fraction of events from radiative top decays

ddddσσσσ ==== ddddσσσσtttt¯̄̄̄ttttγγγγ ddddBBBBtttt ddddBBBB ¯̄̄̄tttt ++++ ddddσσσσtttt¯̄̄̄tttt
((((
ddddBBBBttttγγγγ ddddBBBB ¯̄̄̄tttt ++++ ddddBBBBtttt ddddBBBB ¯̄̄̄ttttγγγγ

))))

σσσσttttooootttttttt ¯̄̄̄ttttγγγγ ==== 2222....66664444 ffffbbbb ==== (((( 1111....11115555 ((((pppprrrroooodddd....)))) ++++ 1111....44449999 ((((ddddeeeeccccaaaayyyy)))))))) ffffbbbb

⇒⇒⇒⇒ radiation off decay products is an essential contribution to the cross section

( maybe implications for                 ,                )tt̄+ jets tt̄+ bb̄
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Results:  Tevatron

Important:   A large fraction of events from radiative top decays

Implications for extraction of total cross section for „ “.⇒⇒⇒⇒ tt̄ γ

Measure                  and extract           through dividing by branchingsσtt̄γ

is wrong.

σmeas.
bb̄ℓνjjγ

σtt̄γ = σ
meas.
bb̄ℓνjjγ

× B(t→bℓν)−1×B(t̄→ b̄jj)−1
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Results:  Tevatron

Important:   A large fraction of events from radiative top decays

Implications for extraction of total cross section for „ “.⇒⇒⇒⇒ tt̄ γ

Measure                  and extract           through dividing by branchingsσtt̄γ

is wrong.

σmeas.
bb̄ℓνjjγ

Instead, the radiative top decays have to be treated as „background“,

.

σtt̄γ = σ
meas.
bb̄ℓνjjγ

× B(t→bℓν)−1×B(t̄→ b̄jj)−1

σtt̄γ =
(
σmeas.
bb̄ℓνjjγ

− σdecay
bb̄ℓνjjγ

)
× B(t→bℓν)−1×B(t̄→ b̄jj)−1
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● asymmetry appears only at NLO QCD

p. 14/19

Results:  Tevatron

Forward-backward asymmetry in tt̄γ

AFB =
N(yt>0)−N(yt<0)
N(yt>0)+N(yt<0)

[Kühn,Rodrigo]

asymmetry appears already at LO 

Theory prediction                             in tension with measurement (      )  

AAAANNNNLLLLOOOO
FFFFBBBB ((((tttt¯̄̄̄ttttγγγγ)))) ==== −−−−11112222%%%%

The 5% reduction at NLO can be understood. 

Similar effect for              : tt̄+jet

AFB(tt̄)=5%

Complete NNLO correction unknown, but indications for robustness

2σ

tt̄

● tt̄+γ

ALO
FB(tt̄γ) = −17%,

[Melnikov,MS :              ]

ALO
FB(tt̄jet) = −8%, A

NLO
FB (tt̄jet) = −2%

tt̄+jet
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Theory prediction                             in tension with measurement (      )  

ANLO
FB (tt̄γ) = −12%

The 5% reduction at NLO can be understood. 

Similar effect for              : tt̄+jet

AFB(tt̄)=5% 2σ

tt̄

● tt̄+γ

ALO
FB(tt̄γ) = −17%,

ALO
FB(tt̄jet) = −8%, A

NLO
FB (tt̄jet) = −2%

Forward-backward asymmetry in tt̄γ

[Melnikov,MS :              ]tt̄+jet



Markus Schulze,   Johns Hopkins University                     

Results:  LHC
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Results:  LHC
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● large K-factor

● no reduction of scale dependence

(similar features as in      production)tt̄

⇒ extra phase space for additional jet

⇒ opening up of q-g channel at NLO

σLOtt̄γ = 74.5
+24.0
−16.9 fb

σNLOtt̄γ = 138+30
−23 fb

σdecaytt̄γ = 56% σtottt̄γ
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Results:  LHC

Exotic top quarks

σNLOtt̄γ = 138 fb σNLOtt̄γ = 243 fb
Qt =

2
3→− 4

3

Large contribution from radiative top decay   ⇒ Naive expectation of        scaling failsQ2
t
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Results:  LHC

1)  Ratio of cross sections
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● Ratios are significantly more stable against NLO corrections

● Small scale uncertainties

● Some experimental uncertainties cancel

σ
Qt=2/3
tt̄γ

σtt̄
=

{
5.66+0.03

−0.02 × 10
−3, LO;

6.33+0.26
−0.14 × 10

−3, NLO,

σ
Qt=−4/3
tt̄γ

σtt̄
=

{
10.4+0.2

−0.2 × 10
−3, LO;

11.2+0.3
−0.2 × 10

−3, NLO.
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Results:  LHC

2)  Choose cuts to enhance        dependence

Inspired by U.Baur et.al.:  suppress radiative top decays

QQQQ2222
tttt

mT(ℓγ;E
miss
T ) > 90 GeV,

160GeV < m(bjj) < 180 GeV,

mT(bℓγ;E
miss
T ) > 180 GeV,

70GeV < m(j, j) < 90 GeV

[Baur,Buice,Orr]
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Results:  LHC

2)  Choose cuts to enhance        dependenceQQQQ2222
tttt

mT(ℓγ;E
miss
T ) > 90 GeV,

160GeV < m(bjj) < 180 GeV,

mT(bℓγ;E
miss
T ) > 180 GeV,

70GeV < m(j, j) < 90 GeV

σNLOtt̄γ = 26.71.3−2.3 fb

improved scaling with       but significantly smaller cross section Qt
( smaller K-factor, strongly reduced scale uncertainty )

Inspired by U.Baur et.al.:  suppress radiative top decays
[Baur,Buice,Orr]
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SUMMARY

The process              is an interesting SM signaltt̄+ γ

● Tevatron: good agreement with CDF measurement

● LHC: possibility to measure electromagnetic couplings of the top quark

● We calculated                                                 at NLO QCD

- realistic and flexible setup
- include top decays and account for all spin correlations
- allow photon radiation off decay products

● Large contribution from radiative top decays

pp→ tt̄+ γ → bb̄ ℓν jj + γ
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Extras
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We can now estimate if it is worth applying the RDS cuts. We denote by L
the luminosity required to separate Qt = −4/3 from Qt = 2/3 at the 3σ level
with the cuts in Eq.(??) and by LRDS the same quantity when the RDS cuts are
applied in addition. The two quantities are related by the following equation1

L

LRDS
=
σ
Qt=2/3
RDS

σQt=2/3

(RRDS − 1)
2

(R− 1)2
(1)

We can use Eqs.(??,??,??,??,??,??) to compute the ratio of the required lumi-
nosities at leading and next-to-leading order in perturbative QCD. Interestingly,
because the K-factors for the two types of cuts are so different, we find that the
required ratios of luminosities differ by a significant amount

L

LRDS
=

{
1.98± 0.02, LO;
1.12± 0.08, NLO.

(2)

It follows from Eq.(??) that once next-to-leading order effects are accounted for,
the application of RDS suppression cuts becomes much less important since a
factor of two gain in luminosity gets reduced to O(10%) gain.
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